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Abgract : The growth characteristics during metal organic chemical vapor deposition and optical properties of ZnO
films on sapphire (Al.0O3) (0001) and (1120) substrates are studied. For the former ,the effects of two important
growth parameters,i. e. temperature and pressure,are investigated in detail. Due to the large lattice mismatch be-
tween the film and the substrate, ZnO nanocrystals are usually obtained. The growth behavior at the filmrsubstrate
interface is found to be strongly dependent on the growth temperature,while the growth pressure determines the
shape of the nanostructures as they grow. It is difficult to obtain ZnO films that have good quality and a smooth
surface simultaneously. Due to the smaller lattice mismatch,the critical thickness of ZnO on the Al203(1120) sur-
face is found to be much larger than that on the Al.O3 (0001) surface. ZnO/ MgZnO quantum wells with graded
well thicknesses are grown on the AIzOg(ll_ZJ) surfaces,and their optical properties are studied. The built-in elec-
tric field in the well layer ,generated by the piezoelectric effect,is estimated to be 3 x 10°V/cm. It is found that
growth at low temperatures and low pressures may facilitate the incorporation of acceptor impuritiesin ZnO.
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1 Introduction

Zinc oxide (ZnO) has a wurtzte crystal struc
ture ,a large exciton binding energy (60meV ,) and
alarge band gap at room temperature (3 37eV).
The research on ZnO is retroactive to 1935 when
Bunn reported its lattice properties™. A compre-
hensive review of ZnO ,in which the research histo-
ry of ZnO was summarized in detail ,has recently
been given by Uzgiir et al.®. Although ZnO has
been studied for a long time in the semiconductor
field ,it gained substantial interests recently snce
the discovery of excitorrinvolved lasng action at
room temperature® . The band gap of ZnO at room
temperature is smilar to that of GaN (3 39%eV) ,
indicating its promisng application as a semicon-
ductor light-emitting material in the ultraviolet re-
gion. To achieve better-crystalline ZnO for facilitar
ting the formation of stable excitons at room tem-
perature ,the growth techniques commonly used in
the semiconductor industry are adopted. These in-
clude RF magnetron sputtering™ ,molecular beam
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epitaxy (MBE) ™™ ,metalorganic chemical vapor dep-
osition (MOCVD)!™  and pulsed laser deposition
(PLD)™. ZnO quantum well (QW) structures,
which are essential for high-performanced light-
emitting devices, have also been fabricated” .
The remai ning difficulty in the realization of p-type
doping seems to be overcome due to the realization
of homogeneous ZnO pn junctions and the light e
mission under theinjection of electric current™ *!
However ,compared with other kinds of semicon-
ductors, including GaN, studies on ZnO-related
films and QWs are still not sufficient ,especially in
the agpects of the growth behavior ,optical proper-
ties,reproducibility ,and high-concentration p-type
doping.

In this paper,we report the effects of the
growth temperature and pressure on the crystalline
and optical properties of ZnO films grown on sap-
phire (Al20s) (0001) and (1120) surfaces. For the
former ,it is found that a higher growth tempera
ture leads to a better film quality but a rough sur-
face ,while alower growth temperature leads to the
opposte results. In addition, at relatively higher
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growth temperatures,smply changing the growth
pressure alows us to obtain various ZnO nano-
structures such as nanorods, nanotubes, and
nanowalls. On Al:Os (1120) surfaces,the critical
thickness of ZnO isabout 10 times larger than that
on Al:0s (0001) surfaces. ZnO/ MgZnO QWs are
success ully grown on Al.0s (1120) surfaces,and
their optical properties are studied. It is a s found
that growth at low temperatures and under low
pressures may be necessary to achieve a high con-
centration of acceptorsin ZnO.

2 Experiment

The samples were grown usng an MOCVD
system with a horizontal rectangular stainless
(SUS304) chamber. Oxygen gas (O:) ,diethyl zinc
(DEZn,Zn(C:Hs)2) ,and bismethylcyclopentadie-
nyl magnesum (MeCp-Mg) were used as precur-
ors,and nitrogen gas (N2 ,purity 99. 9999 %) was
used as the carrier gas for DEZn and MeCp2Mg.
The detail s of the chamber configuration were giv-
enin Ref.[13]. The used substrates were (0001)
and (1120) Al.Os. Before being placed into the
chamber ,the substrates were degreased in an ultra
nic bath of organic solutions. After pumping
down the chamber pressure,the flow of O. was
started and the chamber pressure was controlled u-
sng a conductance valve. The total flowsof O. and
N2 were 30 40sccm and 5 7scem , respectively.
The temperature of DEZn and MeCp2Mg were 4
5 and 172 | respectively. No special thermal
treatment to the substrate was done before the
growth. The surface morphology was examined u-
sng a field-emisson scanning electron microscope
(FESEM ,JOEL ,JSM-6330F) . A four-crystal X-
ray diffraction (XRD ,Philips X' pert) machine was
used to measure the crystalline properties. In pho-
toluminescence (PL) measurements,a He-Cd laser
(325nm) was used as the excitation source. The e
misson from the sample was conducted to a spec-
trometer (Acton SpectraPro-300i) and detected u-
sing a charge-coupled device.

3 Resultsand discussion

3.1 ZnOfilmsgrown on Al20O3(0001) surfaces

3.1.1 FEfect of growmth temperature

The most commonly used substratesfor grow-
ing single crystalline ZnO are Al>0Os (0001) wafers,
i.e.cplane Al20s.Both Al20s and ZnO have a hex-
agonal crystal structure. The lattice constants for
Al20s are a=0. 475nm,c=1 299nm ,and for ZnO
are a = 0. 325nm, ¢ = 0. 5207nm. On an Al20s
(0001) surface, the crystalline relationship of
c_sap c_ ZnO isexpected and the caxes of both
ZnO and Al:Os are vertical to the growth plane.
For bulk ZnO ,every Zn atom is bonded with four
oxygen atoms to form a tetrahedral coordination as
shown in Fig. 1 (a). This is preferable in ZnO
growth because it gives rise to the minimum free
energy of the system ,which istermed self-texture.
When thefilmis grown on a sngle crystal surface,
competition occurs between theforce to grow while
maintaining the minimum energy at the film-sur-
face interface and the force to grow while maintai-
ning the self-texture. By changing the growth tem-
perature,we can adjust the balance of these two
forces and then control the initial growth behavior
at the interface™! . Wefirst grow ZnO films at dif-
ferent temperatures with a fixed growth pressure
of 8 1333Pa. In epitaxia growth of ZnO on
Al20s ,the interface energy is mainly composed of
strain energy caused by the large lattice mismatch
between the film and the substrate. Competition
between the forces of keeping smaller strain ener-
gy ,or smaller lattice mismatch,and that of self-
texture will occur. Figure 1(b) shows the (0001)
surface of Al.Os and a possble configuration of ad-
srbed zinc atoms. Here,zinc atoms are located at
the lattice dtesof the next coming aluminum atoms
in the case of Al2Os homoepitaxy. In this case,a
tetrahedral unit is easly formed by supplying an-
other oxygen atom above a zinc atom. Therefore,
this coordination is preferable for both Al:Os and
ZnO. The unit cell in this case has the same in
plane orientation as that of Al2Os i.e.a_ ZnO a
_ sap. This relationship is obtained when the
growth temperature is as low as 200 ™. ZnO
films grown by this mode al o have the same lattice
constant as that of Al2Os ,resulting in a very large
lattice mismatch ( + 31 5% ,tendle) to ZnO. These
resultsindicate that ,at low growth temperatures,
the force of self-texture is dominant over that of
keeping a smaller lattice mismatch because the dif-
fudon of atoms on the surface is suppressed. On
the other hand,when the growth temperature is
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higher than 300 ,the kinetic energy of the zinc at-
oms becomes high enough to diffuse on the sub-
strate surface. These effects cause the zinc atoms to
select stes that have a smaller lattice mismatch,
and the force of keeping a smaller strainislargely
enhanced. One possbility is that the zinc atoms
will take the same dtes as those of oxygen atoms
as shown in Fig. 1(c). In this case,a zinc atom is
bonded to one oxygen atom in Al.Os ,and a tetra
hedral coordination of ZnO can be formed by suppl-
ying three other oxygen atoms. The oxygen lattice
of Al20s has a lattice constant of 0. 275nm ,and the
lattice mismatch to ZnO is - 18 3% (compres
sve) ,which is much smaller than the mismatch,
31 5% obtainedin Fig.1(b).In Fig.1(c) ,the unit
cell of ZnO is twisted 30° with respect to that of
Al203. This growth model has been mostly ob-
served in experimental works reported to date.
The ZnO surface morphology exhibits strong
dependence on the growth temperature™ . In both
casesof Figs.1(b) and(c) ,the lattice mismatch is
too large to obtain a thick film with aflat surface
because of the strain relaxation. The critical thick-
ness for two-dimensonal (2D) layer-by-layer
growth of ZnO on an Al:Os (0001) surface was
demonstrated to be only 4 5nm'*. Therefore,
three-dimensional (3D) growth is easly obtained.
At higher growth temperatures or in the case of
Fig. 1(c) ,we obtained rough surfaces. An example
of such a rough surface is shown in Fig. 1(e). At
lower growth temperaturesor in the case of Fig.1
(b) , however , smooth surfaces were obtained as
shown by the SEM imagein Fig.1(d) . This may be
due to different mechanisms of strain relaxation
compared with the growth at higher temperatures.
Even though the surface of Fig.1(d) was relatively
smooth ,XRD measurements revealed a worse crys
talline quality caused by the large lattice mismatch
between the film and the substrate™ . The effect of
the growth temperature can be summarized as fol-
lows. A higher growth temperature will enhance
the diffuson of absorbed atoms on the surface,
making these atoms find postions that can keep
the system at a lower energy. As a result , ZnO
films grown at a higher temperature are expected
to have better quality. However, due to the 3D
growth mode and the enhanced diff uson of atoms,
a rough surface morphology usually occurs. On the
contrary ,ZnO films grown at a lower temperature

Fig.1 (&) Unit cdl of ZnO Each Zn atom is bonded
to three oxygen atoms to form a tetrahedral structure;
(b) Possble atomic alignment of Zn on an Al.Os
(0001) surface at low temperatures where the force of
keeping the tetrahedral structure is large. The crystal-
line orientation of the ZnO unit cell is the same as that
of Al20s; (c) Possible atomic alignment of Zn on an
Al.0; (0001) surface at high temperatures where the
force of keeping smaller lattice mismatch is large. The
ZnO unit cell istwisted for 30° in the growth plane with
respect to that of Al,Os; (d) SEM image of a smooth
ZnO surface grown at a low growth temperature( Tg) ;
(e) SEM image of a rough ZnO surface grown at a high
growth temperature

have bad quality but a smooth surface. These re-
sults were also confirmed by Park et al.™ . The
conflict between the film quality and the surface
morphology makes it very difficult to get films di-
rectly on Al.Os (0001) surfaces with both a smooth
surface and good quality. Nevertheless, the good
quality of the films grown at higher growth tem-
peratures allowed us to observe the emission due to
bi-exci-tons' ! . We also studied the optical non-
linearity of those ZnO films. The films with bad
crystalline quality exhibited the largest second or-
der and third order nonlinear susceptibility ,indica
ting that the lattice distortion plays an important
role!®

PL spectra measured at 4 2K from ZnO films
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grown at different temperatures are shown in
Fig.2. Each spectrum is normalized by its maxi-
mum intendty and is shifted vertically for clarity.
For all of the spectra,there are no emisson in the
vigble light region that are usually caused by im-
purities or defects. The peak at 3 37eV observed
for all samplesis due to donor-bound exciton emis-
sons (D°X) . The emisson peak at 3 32eV ,which
has an intensity comparable to that of the D°X ex-
citon,is attributed to emisson of donor-acceptor-
pairs (DAP) with an acceptor hinding energy of
107meV*®'. The corresponding acceptor may come
from spontaneous nitrogen doping from the carrier
gas. The broad emission peak at 3 23eV is attribu-
ted to a DAP trangtion with different kinds of im-
purities®™ . It should be emphasized that acceptor-
related emissons at 3 32 and 3 23eV are not ob-
served from thefilm grown at 500 . Thisindicates
that a higher acceptor concentration may be ob-
tained by growing the film at lower temperatures.
In ZnO films grown by pulsed laser depostion,
lowering the growth temperature has been demon-
strated to be a critical technique to get a higher ac-
ceptor concentration™™ *!. This approach may al o
work for MOCVD growth as demonstrated by the
PL spectraof Fig.2.

4.2K
HeCd 3.37¢V
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= T,=300C
3.23eV £332eY
T,=200°C
I L 1 1 | -
15 2.0 25 3.0 35
Photon energy/eV

FHg. 2 Low-temperature PL spectra of ZnO films
grown at different growth temperatures ( Tg) on Al20s
(0001) surfaces The growth pressure is 800Pa for al
of thefilms. Stronger donor-acceptor-pair (DAP) emis
sons are observed from the films grown at lower tem-
peratures.

3.1.2 FEfect of growth pressure

The growth pressure in MOCVD is another
important factor determining the growth character-
istics. We studied the crystalline and optical prop-
erties of ZnO films grown under pressures from 8

to 1333Pa and at a fixed growth temperature®!.
When the growth temperature is low ,for example
200 ,both the surface morphology and the optical
properties of ZnO films show weak dependence on
the growth pressure. However ,when the growth
temperature is over 300 where the adsorbed at-
oms are expected to diff use more ,the surface mor-
phology is strongly dependent on the growth pres
sure ,leading to different ZnO nanocrystal's such as
nanorods, nanotubes, and nanowalls, as shown in
Fig. 3. The different shapes of the nanocrystals are
believed to be correlated with the tota surface en-
ergy ,and a lower pressure favors a larger surface
to-volume ratio. At a given temperature,when a
crystal with a limited volume is formed from the
vapor phase ,the equilibrium condition requires
-AP, A€V

wherel P, is the variation of vapor pressure § is
the total surface energy which is proportiona to
the total surface area S,and V.isthe volume of the
crystal phase. This equation indicates that when
the vapor pressure is decreased ,the total surface
to-volume ratio (S/Vc:) must increase. This quali-
tatively explains the tendency of the nanostructure
shapes observed in this study.

Our results show that different nanostructures
can be obtained by smply adjusting the growth
pressure. Although nanocrystals with different
shapes were obtained ,the growth behavior at the
initial stage was found to be independent of the
growth pressure. What we found is that the 3D
growth mode is true regardless of the pressure. We
believe that this is determined by the film-sub-
strate interface nature. In other words,the large
lattice mismatch and the high growth temperature
support the 3D growth mode,which does not de-
pend on the growth pressure. However ,after a cer-
tain growth and when the interface effect becomes
weak ,the pressure then plays an important role
and the structures with different shapes may be ex-
pected. The initial nucleation is generaly depend-
ent on both the growth condition (surface tempera
ture ,reactor pressure,etc.) and the filmr-substrate
lattice mismatch. In our study ,the main factors af-
fecting the growth mode are the reactor pressure
and the lattice mismatch snce the substrate tem-
perature is fixed. In case of ZnO growing on an
Al20:(0001) surface,the lattice mismatch is very
large (18 %) and the effect of lattice mismatchis
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Fig.3 SEM images of ZnO nanostructures formed at higher growth temperatures (350 475 ) under different
growth pressures (a) Nanorods,800Pa;(b) Nanotubes,40Pa;(c) Nanowalls,8Pa

dominant. Therefore ,clusters at the initial stage of
growth are formed. As the growth continues,the
idand sze increases and the lattice mismatchis re-
laxed by the formation of defects. After relaxation,
the effect of lattice mismatch is weakened and the
pressure becomes the dominant factor determining
the growth characteristics. In our experiments,
when the film thicknessislarger than 11 m ,we can
constantly obtain nanorods, nanotubes, or
nanowalls by smply selecting the reactor pressure.

Figure 4 shows the low-temperature PL spec-
traof ZnO films grown under different pressures at
400 . The peak at 3 366eV is common to all

42K
3.366eV
He-Cd !
P/Pa A
1333 3.312~3.318V Jv 1

PL intensity/a.u.
o 15 |
%&#
X Ix
o [V Jo

Growth pressure/Pa

1 X 1 .
3.20 3.25 3.30 335 3.40
Photon energy/eV

Fig. 4 Low-temperature PL spectra of ZnO films
grown under different growth pressures (P,) on AlzOs
(0001) surfaces The growth temperature was 400
for al of the films. Large DA P-to-D° X intensity ratios
were observed from films grown under lower pres
sures.

nanostructures (or all valuesof P,) andis attribu-
ted to D°X. The peak located at 3 312 3 318eV is
due to DAP. A general trend is that the DAP-to-

D°X intensity ratio becomes larger with a decrease
in P,. Thisindicates that growth at a lower pres
sure by MOCVD may enhance the incorporation of
acceptorsin ZnO. Spontaneous doping of nitrogen,
which is known to act as an acceptor ,might have
taken place in these structures. Together with the
PL results obtained at different growth tempera
tures shown in Fig. 2,we may conclude that the
growth at low temperatures and low pressures fa
cilitates the incorporation of acceptor impurities.
The overall growth behavior of ZnO is sum-
marized in Fig.5. ZnO films can be obtained at low-
er growth temperatures (200 250 ) in the
throughout pressure range studied. At growth tem-

1333

¢ Film

3 E‘Island

133.3F

"
T

No-twist 30°-twist

i 1 1 1 1 i 1

1.333
150 200 250 300 350 400 450 500 550
Growth temperature/C

FHg.5 Summary of ZnO film and nanostructure types

grown on Al,O3 (0001) surfaces as functions of growth
temperature and growth pressure

peratures around 300 ,theformation of isands or
clusters becomes dominant. With further increase
in the growth temperature ,various kinds of nano-
structures are expected. Nanorods are obtained un-
der higher pressures (higher than 267Pa) and at
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temperatures of 350 500 .Nanowallscan be eas
ily obtained under lower pressures (less than
26. 7Pa) and in the whole temperature range we
studied. Nanotubes can be obtained under pres
suresof 26. 7 133Paand at temperatures of 350
450

3.2 Critical thickness of ZnO films on an Al.Os
(1120) surface

ZnO films grown on Al20Os (1120) surfaces
have been demonstrated to exhibit better crystal-
line quality ,although the top surfaceisthe same as
that on Al.O; (0001) . The better quality is due to
the smaller lattice mismatch and the achievement
of sngledomain growth as compared with Al20s
(0001) surfaces™ . As shownin Fig.6 ,the epitaxi-
al relationship has been demonstrated to be ZnO
(0001) AIl20s (1120) and zZnO [010] Al20s
[001]. The lattice mismatch along the ZnO [010]
direction is less than 0. 08 % when consdering
higher order matching (4a_ ZnO:c_ sap). On the
other hand,in the ZnO [210] direction,which is
perpendicular to both ZnO [010] and ZnO [001] ,
the mismatch is about 2 4 % according to the con-

figuration of Fig. 6 (/éa_ Zn0O _ lattice in
Al2Os. From Figs. 1 (b) or (c) ,it can be deter-

mined that O _sap=a_ %p//é:O 2748nm.) .
O O(AL,0,)
O O(Zn0)

® In
® Al
Zn0j[210]
Zn0{010]
Al,0,[001]
Zn0[001]
Fg. 6  Suggested atomic alignment of ZnO on an

Al,03(1120) surface The lattice mismatch is much
smaller compared with that on an Al,Osz (0001) sur-
face.

The critical thickness of ZnO on an Al:0s
(0001) surface has been shown to be 4 5nm'*! . We
found that the critical thickness of ZnO on an
Al20; (1120) surface is much larger due to the
small lattice mismatch compared with the case on
an Al.0s (0001) surface!®. The rocking curves of

ZnO (0002) planes are shown in Fig. 7 for films
with different thicknesses grown on Al.Os (1120)
surfaces. When the film thickness is no more than
56nm ,only one sharp peak with a full-width at
half-maximum (FWHM) value of Aw = Q0 005°
(18") was observed. This value is less than that of

Thickness Ao
28nm 0.005°
56nm & 0.005°

84nm 0.59°
1 l2nmA‘O_4zo
1

338nm 0.35°

16.8 17.2 17.6 18.0
w/(°)

XRD intensity/a.u.

Fig.7 XRD rocking curves of the ZnO (0002) plane
for films of different thicknesses grown on Al20s

(1150) surfaces The critical thickness for keeping 2D
growth is estimated to be about 56nm,which is much
larger than on an Al,Os (0001) surface (4 5nm).

ZnO/ Al:Os (0001 ) prepared by sputtering
(0. 01°) , smilar to those (12' 14 4") of ZnO/
Al20;(0001) grown by MBE and better than that
(39") of znO films grown on latticematched
SCAIMgOs surfaces. The small Aw val ue obtained
from thinfilmsin this study demonstrates a small
magnitude of mosaicity and an excellent order &
long the growth direction of these films. In other
words,the films are well aligned,with the caxis
strictly parallel to the surface normal within the
entire film. This can be taken as an indicator of 2D
growth. With afurther increase in film thickness ,a
broad peak appears and ,when the film thicknessis
84nm ,the latter dominates the rocking curve. The
broad peak is centered at the same position as the
narrow one .forming a superimposed shape. The su-
perimposed shape of the rocking curve observed in
the regime of medium film thickness indicates the
coexistence of 2D and 3D layers. For thick films
(larger than 112nm) ,only the broad peak was ob-
served. Compared with the results obtained for the
thin films,the large Aw values for the thick films
reflect the poorer alignment of the films,which can
be attributed to the result of 3D growth. Our re-
sults suggest the following growth model : when
the thicknessis no more than 56nm ,ZnO follows a
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2D layer-by-layer growth. However ,a 3D growth
mode occurs when the film thicknessis larger than
112nm. The trandtion from 2D growth to 3D
growth takes place in the thickness range of 56
112nm. The critical thickness within which the 2D
growth of ZnO is realized on an Al-0s (1120) sur-
faceisthus estimated to be 56nm. Thisis much lar-
ger than the value of 4 5nm obtained on an Al.Os
(0001) surface,probably due to the small lattice
mismatch in the former.

3.3 ZnO/ MgZnO QWs on AI203(11§0) surfaces

QWs are necessary for the realization of high-
performance optoelectronic devices. There have
been only a few reports on ZnO-related QWs,and
ome gpecial substrates have been used. For in-
stance, ZnO/ MgzZnO multiple QWs have been
grown on latticematched ScAIMgO. surfaces by
PLD!!. ZnO/ MgZnO single QWs have been grown
on GaN surfaces by MOCVD™ . The lattice mis
match between ZnO and GaN isabout 2 % ,whichis
much smaller than that of commonly used Al:Os
substrates. The disadvantages of such approaches
are due to limited supply of SCAIMgO. substrates,
expensve GaN substrates,and low productivity of
the PLD method. Recently, ZnO/ MgZnO QWs
have been directly grown on Al.Os (0001) surfaces
by radical-source MBE'™ . We fabricated ZnO/ Mg-
ZnO QWs on Al.O; (1120) surfaces by MOCVD,
and we could observe the energy shift caused by
the quantum confinement effect ,a nearly perfect
two-dimensional confinement ,and confinement-en-
hanced exciton recombination’® . Here,we report
the results obtained thereafter.

As discussed above, the critical thickness of
ZnO on an Al20s (1120) surface is much larger
than on an Al.0s (0001) surface. This meansthat it
is eader to obtain ZnO films with smooth surfaces,
which is esgpecially important in the preparation of
high quality QWs. We developed two approaches to
growing ZnO/ MgZnO QWs on Al.Os (1120) sur-
faces. An MgZnO buffer layer was adopted in
both. The buffer layer was grown at 425 for a
bout 50nm ,followed by an annealing at 800 for
10h in an electric furnace. QWs were formed by
growing a threelayer MgzZnO/ ZnO/ MgZnO sand-
wich structure ,where MgZnO layers work as barri-
er and ZnO as well. In thefirst approach ,the Mgz-
nO barriers were grown at low temperatures (

200 ) and the ZnO well was grown at 500 . Af-
ter growth ,annealing at 700 900 for 2hin the
furnace was performed. We have reported some re-
sultsfrom the QWs by this approach'® . The fabri-
cation process of the first approach is, however ,
somewhat complicated. In the second approach ,the
MgZnO barriers were grown at 425 and the ZnO
well at 475 ,and no further thermal treatment
was done ater growth. From such QWs, besides
what was observed from the QWs grown by the
first approach ,we could further observe the piezoe-
lectric field induced localization. The second ap-
proach wasfound to be a rather smple and repro-
ducible method of growing ZnO/ MgZnO QWSs.
The sample structure is shown in Fig. 8 in
which the layer thickness was dependent on the
sample position. By moving the laser spot on the
sample surface ,we could measure the QW emisson
at different well widths. Although the barrier

o— MgZnO barrier

Zn0 well

st MeZnO buffe

. =

Fg.8 lllustration of the structure of ZnO/ MgZnO
QWs Two different approaches were adopted to fabri-
cate such QWs. The layer thickness was designed to
change gradualy. The Mg composition is 0. 1 in both
buffer and barrier layers.

thickness was also position-dependent ,it was still
much larger than the well thickness,and no quan-
tum confinement effect was expected. In other
words,the emisson from the barrier was position
independent. Figure 9 (a) shows the position de-
pendence of the PL spectra measured at a sample
temperature of 4 2K. As expected ,the emisson of
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Fig.9 (a Low-temperature PL pectraof ZnO/ Mg ZnO

QWs measured at different postionsof the sample; (b) II-
lustration of band aignment with a built-in dectric fied
The emisson energiesof A and B are dmost the same for
the small well widths. Thar difference becomes larger with
the increase of wdl width.

ZnO QWs shows strong dependence on the pos-
tion. Due to the quantum confinement effect ,the e
misson peak exhibits a blue shift when the well
width is decreased. At relatively larger well
widths,an interesting feature appears:a small peak
emerges at about 3 36eV on the higher energy sde
of the QW emisson. This peak is postioninde
pendent whereas the strong emisson from the QW
shows a red shift with the increase of the well
width. This phenomenon is direct evidence of the
built-in electric field generated mainly by piezoelec
tric effect as shown in Fig. 9 (b). When the well
width is large and the quantum confinement effect
is negligible ,the electric field causes band inclina
tion ,and electrons and holes are separately local-
ized at different locationsin the well layer. In this
case ,emissons are possible due to the recombina
tion from both the separately localized electrons
and holes (denoted as A) and the band edge of
ZnO bulk (denoted asB) ,and the energy relation-
ship of Ea < B is satidied. On the other hand,
when the well thickness is small enough ,the sepa-

ration of localized electrons and holes becomes
small and we have Ea = Es. In this case,the emis
son is mainly due to recombination from the quan-
tized energy levels. This phenomenon has been ob-
served in  InGaN/ GaN and ZnO/ MgZnO
QWSs?*?%  However ,previous studies could not ob-
serve the effect with a small Mg content , such as
0. 1. Moreover ,the observation of the present work
is much more understandable due to the continuous
variation of the well width.

The presence of the dectric field indde the well
layer is further demongrated by investigating the de-
pendence of the emisson sectra on the exdtation
power. Fgure 10 showsthe resultsin which the exdter
tion power was varied by afew orders of magnitude.
The emisson peak due to localized eectrons and holes
wasfound to exhibit a blue shift with the increase in
exdtation power. It can be understood as the result of
the screen efect of the built-in dectric fied caused by
the exdtationinduced carriers. Namely, the dectric
fidd causes separation of eectrons and holes. S multar
neoudy ,another dectric field ,which isin the oppodte
direction to the built-in dectric fidd,is created due to
the occurrence of net charged carriers on the two sdes
of the well layer. When the concentration of eectrons
and holes are high,as caused by high excitations,the
latter dectric fidd gans its strength and finally can
compensate the built-in dectricfid d. These efects lead
to the blue shift of the emisson due to recombination
of locdized carriers.

3600*1

(

PL intensity/a.u.

™ 30meV

—l Y 1
3.24 3.28 332 336 3.40
Photon energy/eV

Fg.10 Excitation power dependence of emisson due
to recombination of localized electrons and holes in-
duced by the built-in electric field The blue shift with
increase in excitation power is due to the carrier-induced
screening of the built-in electric field.

Figure 11 shows the emisson energy as a
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function of well width obtained at low tempera
tures. Compared with the free exciton emisson
from ZnO bulk at 3 376eV ,the low-temperature e-
misson energy from the QW can be much lower ,e.
g. ,about 16 and 66meV lower for the width-inde
pendent and width-dependent ones ,respectively. As
discussed above ,the width-independent oneisfrom
ZnO in the thick well. Therefore ,we tentatively at-
tribute the 16meV diff erence to the band gap varia
tion caused by strain. On the other hand ,the width-
dependent oneis due to the recombination of sepa-
ratel y-localized electrons and holes. From the sope
of the dotted line ,the internal electric field is esti-
mated to be 3 x10°V/cm. This valueison the same
order asobserved in InGaN/ GaN QWs™' .

3461
344 @ Zn0O/MgZnO QWs
L] 4.2K
3.42F
)
> ..
L 340r °
2o % l
g 338F ., E,ze0
°
= 336k % 0 o
334 16meV
A 66meV
3.32F
1 1 1 H i
330/ 3 4 5 6
Well width/nm

FHg.11 PL energy versus well width  When the well
width is over 4nm,two emissons are observed due to
ZnO band edge (denoted as B) and the localized carriers
(denoted as A). A built-in eectric field of about
3x10°V/cm is obtained from the dope of the solid
line.

4 Conclusion

The growth characteristics in MOCVD and
optical properties of ZnO films on Al.Os (0001)
and (1120) substrates are studied. For the former ,
3D growth is usually expected. The atomic align-
ment at the film-substrate interface and the crys
talline orientation are found to be strongly depend-
ent on growth temperature ,while the growth pres-
sure determines the shape of the nanostructures as
they are grown. Proper control of growth tempera
ture and pressure allows us to obtain films,rods,
tubes,and walls. However ,it is difficult to obtain
smooth morphology and good quality smultane
oudy. The critical thickness of ZnO on Al.Os (112

0) surfacesis more than 10 times larger than that
on Al20s (0001) surfaces. ZnO/ MgZnO QWs with
graded well thicknesses are grown on Al.Os (1120)
surfaces with a smple and reproducible approach.
From such QWs,the emisson due to the recombi-
nation of localized electrons and holes is observed.
The built-in electricfield in the well is estimated to
be 3 x 10°V/cm with a Mg composition of Q. 1.
From the PL spectra,it is apparent that growth at
low temperatures and low pressures facilitates the
incorporation of acceptor impuritiesin ZnO.
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